Recent advancements in the measurement and modeling of heavy stable water isotopes (i.e., H 2 18 O and HDO), especially in situ and remote sensing spectroscopic vapor isotope measurements and isotope-incorporated general circulation and regional models, have rapidly improved our understanding of the behavior of water isotopes on Earth. These advancements have significantly increased the recognition of the usefulness of information on stable water isotopes in the geoscience community. This study reviews these recent advancements and their applications in climatological, meteorological, and hydrological sciences. It also explores two emerging directions. The first is the direct validation of climate models using independent isotopic proxy data. I particularly discuss comparisons of the 20th Century Isotope Reanalysis dataset, which covers 1871-2008, to ice core δ 18 O, tree cellulose δ 18 O, and coral δ 18 O. The second is the use of isotopic data as constraints in various climatological, meteorological, and hydrological models. Ideally, vapor isotope data could be used to improve weather forecasting.
Introduction
17 O, and HDO) occurs in regular proportions on Earth. Stable water isotopes have slightly different physical and chemical properties and require different latent energy for phase changes, so the concentration of water isotopes varies during water phase changes, which is known as fractionation. Water phase changes occur at various spatiotemporal scales in the global hydrological cycle, resulting in relative changes in the spatiotemporal distribution of stable water isotopes. The stability of stable water isotopes and differences in fractionation make them very useful in water transport studies (Fig. 1) .
Since Dansgaard (1964) , numerous studies have used stable water isotopes in hydrological, meteorological, and climate sciences. Climate science is the first and most advanced field to use stable water isotopes, especially for the past studies. For example, the temperature-isotope relationship (i.e., temperature effect) and its application to ice cores was one of the most remarkable developments to understand past climate (Dansgaard et al. 1969) . The use of stable water isotopes in meteorological sciences is not as advanced because of the complicated nature of water phase change in meteorological water cycles. Many processes can influence meteorological isotopes, and information is limited to surface precipitation data with little temporal resolution (only monthly average data are available for most areas) using conventional mass spectrometry. However, recent advancements in the spectroscopic measurement of stable water isotopes (described in section two) and the incorporation of stable water isotopes in models (described in section three) have drastically improved the field, resulting in many recent publications using isotopic information, especially regarding hydrological processes moving water vapor in and out of clouds. In hydrological sciences, stable water isotopes have permitted a deeper understanding of terrestrial hydrological cycles at different scales, including the partitioning of total water transport. An important study by Jasechko et al. (2013) estimated the global contribution of transpiration, which has led to a great deal of further discussion (Sutanto et al. 2014b) .
This study summarizes recent progress in the measurement, modeling, and use of stable water isotopes in climate, meteorological, and hydrological sciences, and it introduces new emerging directions using stable water isotopes. The next section introduces basic terminology and theory for stable water isotopes and reviews measurement technologies, including recently developed laser spectroscopy and remote sensing methods. The third section introduces various models for stable water isotopes. The fourth, fifth, and sixth sections discuss the use of stable water isotopes in climate, meteorological, and hydrological sciences, respectively. A couple of promising future directions using stable water isotopes are introduced in the seventh section, and the final section includes concluding remarks.
Note that recent improvements in the usability of 17 O information in water have extended the frontiers for using stable water isotopes in climate sciences (Langrais et al. 2008; Uemura et al. 2010) . In addition, the 18 O concentration of water in plants affects the concentration of 18 O in atmospheric CO 2 , allowing stable water isotope studies to help understand the carbon cycle (Cuntz et al. 2003; Welp et al. 2011) . While these topics are of interest, they are beyond the scope of this study.
Definition, theory, and measurements

Terminology: δ
18 O, δD, and D-excess The proportion of heavy stable isotopes in water (D and 18 O) is expressed as the departure from the standard composition in ocean water (standard mean ocean water), which is measured in units of parts per thousand (‰) as follows:
where R A and R S denote the ratio of the heavy to light isotopes ( 18 O/ 16 O) in the sample and standard, respectively. The measurement of δD is the same except using the deuterium isotope ratio (D/H). Because the relationship between δ 18 O and δD is quite linear in natural water, the second-order index-called D-excess-was suggested by Dansgaard (1964) as
D-excess is defined as the departure from the simple linear relationship of δ 18 O and δD with the slope of 8. Based on data from the Global Network of Isotopes in Precipitation (GNIP) (IAEA/WMO 2014), the proportion of D-excess in modern precipitation is approximately 10 ‰ globally irrespective of the degree of δD and δ 18 O. This relationship is the global meteoric water line and is defined as δD = 8 × δ
18 O + 10. In brief, D-excess partly indicates the degree to which precipitation has been affected by kinetic fractionation rather than equilibrium fractionation, as explained in the next subsection.
Fractionation and Rayleigh distillation theory
One of the main features of stable water isotopes is their sensitivity to phase change or fractionation. Heavier water isotopes tend to remain in liquid form longer than in vapor form and in solid form longer than in liquid form. This is due to differences in latent heat because of different hydrogen bonds between molecules (i.e., H-16 O, D-16 O, and H-18 O) . This characteristic is called equilibrium fractionation. The degree of equilibrium fractionation depends on temperature, and there are several experimental estimates. Among them, Majoube's equilibrium fractionation factors (Majoube 1971a, b) are considered to be one of the most reliable factors. where α denotes the equilibrium fractionation factor; subscripts of 18 O and D denote oxygen and hydrogen isotopes, respectively; v, l, and i denote the phases of vapor, liquid, and ice, respectively; and T is the temperature in degrees Kelvin.
Kinetic fractionation occurs because of differences in the molecular diffusivity of water vapor. According to Graham's law, gas with a smaller number of molecules has larger diffusivity. Kinetic fractionation usually occurs when water evaporates into unsaturated vapor (Craig and Gordon 1965) and when condensation occurs from supersaturated vapor (Jouzel and Merlivat 1984) . As with equilibrium factors, there are a few different experimental values for the diffusivities. In Merlivat (1978) Rayleigh distillation theory explains why most precipitation follows the linear relationship of the global meteoric water line. The Rayleigh distillation is given as follows:
where R 0 is the initial isotopic ratio, f is the remaining water after a portion is removed by phase change, and α is the equilibrium fractionation factor. The decrease in δD and δ
, which is approximately 8 at 20°C. In addition, this theory explains why precipitation has a smaller isotopic ratio at high latitudes and altitudes. At lower air temperatures, the remaining vapor ratio f becomes smaller, and thus the isotopic ratio decreases regardless of initial vapor. This process is illustrated in Fig. 2. 
In situ measurement: Mass spectrometry and
laser spectroscopy Mass spectrometry is frequently used to measure stable water isotope composition in liquid water (Fig. 3c) . One popular method is the equilibrium gas exchange method with H 2 (Horita and Gat 1988) and CO 2 (Epstein and Mayeda 1953) gases to measure δD and δ 18 O, respectively. However, spectrometry is less practical and accurate for measuring water vapor because the vapor must be collected by cryogenic methods that can alter isotopic ratios.
Recently, the direct measurement of vapor isotopes by laser spectroscopic instruments with wavelength-scanned cavity ring down spectroscopy (Gupta et al. 2009 ) and off-axis integrated cavity output spectroscopy (Sturm and Knohl 2010) has drastically improved the cost, frequency, and sample size of measurements (Fig. 3d) . In particular, using laser spectroscopic technology, the isotope ratio of water vapor can be measured in a few seconds (Fig. 3e) , which significantly increase the potential of stable water isotope studies, especially in meteorology and hydrology. Laser spectroscopy is based on the differ- Laser spectrometer for liquid water analysis (Piccaro, L2120-i), and (e) in situ vapor isotope measurement system installed in a paddy field using Piccaro L2120-i.
ence in characteristic electromagnetic wave absorption at certain wavelengths, whereas mass spectrometry is based on differences in mass numbers. Using in situ laser measurements has considerably increased the amount of data available with the result that more vapor isotope analyses have been possible. For example, this has improved the accuracy and frequency of the estimation of the isotopic ratios of evapotranspiration flux. These data can explain vegetative processes such as partitioning soil evaporation and plant transpiration from total evapotranspiration flux (Wei et al. 2015) . Moreover, continuous vapor isotope data can be used to study synoptic variation in the atmosphere. Farlin et al. (2013) showed that water vapor isotopes in San Diego, California, differed depending on the water vapor source, i.e., the Pacific Ocean or Santa Ana-derived inland sources.
Remote sensing retrieval
New remote sensing techniques have remarkably improved spectroscopic analysis. Laser instruments require pumping of air to collect samples, but remote sensing uses solar or ambient electromagnetic waves. Pioneering work by Zhakalov et al. (2004) used the Interferometric Monitor for Greenhouse Gases (IMG) sensor on the Advanced Earth Observing Satellite 1 (ADEOS-1) to measure climatological δD distribution over limited regions. Worden et al. (2007) used the Tropospheric Emission Spectrometer (TES) on the Aura satellite to retrieve mid-tropospheric δD preferentially over oceans with finer temporal and spatial resolution. Frankenberg et al. (2009) used the near-infrared area of the scanning imaging absorption spectrometer for atmospheric cartography (SCIA-MACHY) on Envisat to collect column-averaged δD over the globe, especially desert areas with finer resolution. Similar study was performed by Frankenberg et al. (2013) using the Greenhouse gases Observing SAtellite (GOSAT). The highest resolution data captured till date are by Lacour et al. (2012) using the Infrared Atmospheric Sounding Interferometer (IASI) of the Meteorological Operational satellite program (MetOp). These were nadir measurements, but using limb measurement, Steinwagner et al. (2007 Steinwagner et al. ( , 2010 and Payne et al. (2007) retrieved stratospheric δD distribution using the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on Envisat. Nassar et al. (2007) used the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)-a high-resolution infrared FTS on SCISAT-1-to retrieve HDO/H 2 O abundance in the tropical tropopause layer. This was followed by Randel et al. (2012) , which measured global variation in δD in the upper troposphere and lower stratosphere (UTLS) and revealed that local convective signals can affect the global behavior of isotopic water composition in UTLS.
The same technology is available at ground-based sites, and Schneider et al. (2010 Schneider et al. ( , 2013 ) developed a ground network (multi-platform remote sensing of isotopologues for investigating the cycle of atmospheric water [MUSICA]) using Fourier transform infrared (FTIR) observation for remote sensing of vapor isotopes. Schneider et al. (2015) compared MUSICA's FTIR instrument at Canary Islands with event-based aircraft observations, in situ surface observations, and the IASI retrievals, and they concluded that both the remote sensors well captured δD variations at different levels with a positive δD bias of 30 ‰-70 ‰. Boesch et al. (2013) used another ground-based column observation from the Total Carbon Column Observing Network (TCCON) to retrieve atmospheric column δD and compared them to GOSAT retrieval data. Scheepmaker et al. (2014) used MUSICA as well as TCCON data to validate the SCIAMACHY measurement. According to their results, although some bias exists, SCIAMACHY as well as the ground networks show similar patterns in δD-humidity relationship, which represent a transition in the moisture source region due to location or temperature.
(MIROC), and with the Simplified Parameterizations, Primitive Equation Dynamics (SPEEDY) model. All these models combine physical processes associated with change in isotope ratio with dynamic and thermodynamic processes of the atmosphere. They simulate the temporal change in isotope distribution in the three-dimensional (3D) structure of water vapor with explicit consideration of complex water phase changes associated with moist physical processes in the global atmosphere. In general, most model results match well with observations of isotopes in precipitation at continental and monthly scales. However, there is normally a large inconsistency among models for vapor isotopes , and until recently, intensive comparisons between observations and model data had not been performed due to the lack of sufficient data. However, with new technologies for measuring vapor isotopes, quite a few studies have recently been published Lee et al. 2011 Lee et al. , 2012 Lee et al. , 2013 Risi et al. 2012a, b; Sutanto et al. 2014a) . As per these studies, stable water isotopes play important roles in the interpretation of the hydrological cycle in many atmospheric models. For example, Yoshimura et al. (2011) highlighted the importance of recycling evaporated moisture from falling droplets in convective cells over tropical maritime regions. Risi et al. (2012b) suggested that the moisture bias found in many GCMs in the mid and upper troposphere results from excessive diffusion during the vertical transport of water vapor.
A modeling research group, known as the Stable Water Isotope Intercomparison Group (SWING), had been active since the 2000s when first-generation isotope-incorporated AGCMs (ECHAM, GISS-E, and MUGCM) were developed. The original SWING compared then the state-of-the-art water isotope AGCMs with observational isotope data. In November 2008, SWING-2 was launched, which compares model simulations with observations to deliver a useful dataset for internal as well as external research communities. Several isotopic AGCMs have run experiments using a nudging technique, i.e., atmospheric dynamical variables (such as wind speed, temperature, and surface pressure) are nudged toward input fields (such as reanalysis fields) , so that the simulated results are directly comparable to existing observed datasets. Table 1 shows the participants of SWING and SWING-2 experiments. SWING-2 comparison results were reported by Conroy et al. (2013) and Risi et al. (2012a Risi et al. ( , 2012b . Conroy et al. (2013) concluded that the models that best capture mean annual precipitation in the tropical Pacific are not necessarily the models that best simulate the mean annual stable isotopic composition of precipitation. They further stressed the importance of using multiple isotope GCMs to interpret paleoclimate proxy records.
Isotope-incorporated regional climate models
It is natural to extend the modeling effort to finer resolutions in smaller areas. The first regional climate model (RCM) that incorporated stable water isotopes was developed by Sturm et al. (2005) with the ECHAM Regional Model (REMO). Other models include the Regional Spectral Model (RSM) by Yoshimura et al. (2010) , System for Atmospheric Modeling (SAM) by Blossey et al. (2010) , and Consortium for Small-scale Modeling (COSMO) by Pfahl et al. (2012) , whereas REMO and RSM are hydrostatic models, SAM and COSMO are nonhydrostatic models. The latter two models introduced isotopes into more complicated cloud microphysics (e.g., single moment five-class microphysics) without any convective parameterizations, which satisfies the criteria of "cloud resolving" models. Moore et al. (2014) used a 3D version of SAM and concluded that moisture convergence is vital in determining δD value in precipitation and in determining the strength of the amount effect (i.e., inverse relationship between δD in precipitation and precipitation amount) in a steady state.
Isotope-incorporated land surface models
The simplest assumption of the surface boundary condition for isotope-incorporated AGCM and RCM is that there is no fractionation, i.e., precipitation is returned directly to the atmosphere without fractionation. This is probably true when water vapor is transpired through vegetation but is not always the case. For example, soil moisture is isotopically enriched after evaporation due to fractionation (Allison et al. 1987 ). In addition, some canopy-trapped precipitation evaporates, and the rest eventually reaches the ground as stem flow. Furthermore, isotopic fractionation occurs when snow melts and can be affected by water movement in soil and through plant roots. Along with these events, the no fractionation assumption is violated on a daily time scale because there is fractionation between isotopically enriched leaf water and transpired water vapor (Wang and Yakir 1995) . The steady-state condition is only satisfied when transpired moisture has the same isotopic ratio as water absorbed through roots. This occurs at times of the day when transpiration is most intensive but also depends on the vegetation height (Lai et al. 2006; Wei et al. 2015) . In the early morning or late afternoon, the steady-state condition is not satisfied (Yepez et al. 2005; Welp et al. 2008) , and transpired vapor has a different isotopic signature than root absorbed water.
To overcome these issues over land, isotopes are incorporated into pre-existing land surface models (LSMs). Such study was pioneered by Riley et al. (2002) with the Isotope-incorporated LSM (ISOLSM). Before then, most AGCMs assumed no fractionation in land surface processes, and some models still retain this assumption for simplicity. Subsequent models included Riley et al. (2003) and McGuffie and Henderson-Sellers (2004) with ISOLSM, Braud et al. (2005) with the Simple Soil Plant Atmosphere Transfer (SiSPAT) model, Yoshimura et al. (2006) with the Minimal Advanced Treatments of Surface Interaction and Runoff (MATSIRO) model, Fischer et al. (2006) with the Chameleon Surface Model (CHASM), Aleinov and Schmidt (2006) with the Goddard Institute of Space Studies (GISS) ModelE LSM, Haese et al. (2013) with the Jena Scheme for Biosphere-Atmosphere Interaction in Hamburg (JSBACH) model, and Risi et al. (2013) By introducing the isotope transfer function (i.e., a representation of isotopic variation in soil moisture) and the iPILPS plot (i.e., a representation of isotopic mass balance for precipitation, evaporation, and runoff), they showed that simulated isotopic equilibrium is independent of the total water and energy budget, whereas the partitioning of available energy and water is a function of the model's complexity.
Other isotope models (two-dimensional and
Lagrangian models) Isotope-incorporated AGCMs, RCMs, and LSMs are a part of climate models, so the motivation for incorporating isotopes is similar. There are many standalone models for stable water isotopes in the hydrological cycle. It is impossible to cover all of them, so only two are discussed here.
The Isotope Circulation Model (ICM) was developed by Yoshimura et al. (2003 Yoshimura et al. ( , 2004a and has the unique feature of a horizontally two-dimensional (2D) grid system. Analyses using this model concluded that daily variation in precipitation isotopes is mainly due to large-scale horizontal moisture transport rather than complicated microphysical processes in convective clouds. ICM uses reanalysis moisture transport fields, such as vertically integrated moisture flux, precipitable water, evaporation, and precipitation. It assumes the isotopic fractionation of precipitation based on Rayleigh distillation between total precipitable water and short-term precipitation amount. This idea of horizontally constraining large-scale moisture transport has been succeeded by 3D isotope-incorporated AGCMs using nudging techniques .
Isotope-incorporated Lagrangian models have been developed by Ciais and Jouzel (1994) , Sodemann et al. (2008) , and others. These are different from the models explained above, which are basically Euler-type models that assume spatially multidimensional cells with the isotopic ratio of each cell explicitly calculated using inflow and outflow. Conversely, Lagrangian models first calculate vapor transport and then calculate internal processes along a trajectory. Either type of model can be used depending on the purpose. Recently, Winschall et al. (2014) compared Lagrangian and Eulerian methods, and they found that the two methods were usually consistent, but there was greater uncertainty in Eulerian models due to different parameterizations of moisture tagging at the ground surface.
Virtual water tracer transport models
Virtual water tracer (VWT) models have been used to estimate where and when precipitation originates. VWT cannot be directly observed, so stable water isotopes are frequently used as an indirect validation of their estimates. Koster et al. (1986) first used VWT to understand hydrologic mechanisms, and Gimeno et al. (2012) reviewed several subsequent uses of this approach. For example, Yoshimura et al. (2004b) used VWT to study the onset and withdrawal of Asian monsoons, and they supported Kanae et al.'s (2001) conclusion that the long-term trend of decreasing September precipitation in Thailand was due to deforestation in northeastern Thailand. Most of these studies investigated the spatial location of moisture sources, i.e., where the moisture first evaporated from the Earth's surface, but Buenning et al. (2013) applied VWT to specify the vertical distribution of moisture sources and found a strong influence of condensation height on δ 18 O in precipitation over California (20 % -40 % of the interannual variance).
Climate Sciences
The strong empirical relationship between temperature and precipitation isotope ratios, (the temperature effect) has frequently been used to reveal past climatic conditions. The physical mechanism of the temperature effect is qualitatively explained by Rayleigh distillation theory. Several studies using isotopic proxy data have been compiled and archived by the National Climatic Data Center (NCDC) of the U.S. National Oceanic and Atmospheric Administration (NOAA) (available at http://www.ncdc.noaa.gov/ data-access/paleoclimatology-data/datasets). In addition to a simple linear relationship between temperature and isotopes in polar ice cores, models have been developed that used multivariate and/or nonlinear relationships between climate variables and isotopes in ice cap cores , speleothems (Fairchild and Baker, 2012) , coral skeletons (Liu et al. 2013) , and tree cellulose (Zhu et al. 2012a, b) . The signals of biological isotopic fractionation such as those in coral and cellulose isotopes make interpretation more difficult.Temperature reconstruction using stable water isotopes was first achieved by Dansgaard et al. (1969) in Greenland. One of the most fascinating discoveries is the abrupt and frequent climatic changes during the last glacial period, the so-called Dansgaard-Oeschger (D-O) cycle (Dansgaard et al. 1993) . Later Antarctic core data (Jouzel et al. 1982) revealed that the D-O cycle is caused by the bipolar seesaw (Broecker, 1998) . The D-O cycle has also been confirmed by independent speleothem records in China (Wang et al. 2004 ) and Brazil (Wang et al. 2001) . However, there are some issues of bias in the reconstruction of temperatures from ice cores, especially in regard to changes in moisture sources such as the amount of snow (Jouzel et al. 1997 ). Isotope-incorporated GCMs have been used to help correct this bias (Lee et al. 2009; Sime et al. 2009 ).
Stable water isotopes have also been used to reconstruct past Asian and Indian monsoon activity. For example, Pausata et al. (2011) indicated that changes in δ 18 O of cave carbonates associated with Heinrich events reflect changes in the intensity of Indian, rather than East Asian, monsoon precipitation. Using speleothem isotope data from northeast India with five-year resolution and synchronous proxy data from around the world, Berkelhammer et al. (2012) found that the largest abrupt change occurred approximately 4000 years ago. Those studies basically used the climatological anti-correlated relationship between precipitation amount and isotopic ratio, also known as the amount effect. Although the amount effect is well known as a temperature effect, the theoretical and physical understanding is still debatable, and the robustness of the relationship varies in space and time (Risi et al. 2008; Lee et al. 2008; Tindall et al. 2009; Kurita et al. 2011; Moore et al. 2014 ).
Yet another example is North American climate reconstruction associated with the Pacific North American (PNA) pattern. revealed a dipole pattern between the east and west coasts of North America using paired proxy data, and they found mean states of negative and positive PNA-like climate during the mid-and late-Holocene, respectively.
To better understand the past, we need a better understanding of the present relationships between isotopes and climate. This is the main purpose of isotope-incorporated GCMs. The development of forward modeling approaches, as reviewed in Section 3, is progressing rapidly, but more direct validation against proxy data is required. Furthermore, the assimilation of proxy data is one of the most challenging areas in this field and is discussed in Section 7.
Meteorological Sciences
As noted in the previous sections, recent advancements in the measurement of vapor isotopes via spectroscopy and modeling have led to many more meteorological studies, especially regarding hydrological processes in and out of clouds. For example, Worden et al. (2007) used TES data to highlight the importance of evaporation of rain in the distribution of tropical mid-tropospheric moisture. Gryazin et al. (2014) used satellite-based vapor isotopes, in situ precipitation, and vapor isotopes in an AGCM that predicted a dry and warm bias over Western Siberia. They attributed this bias to poor large-scale horizontal moisture advection or overly strong boundary layer mixing. Yoshimura et al. (2010) revealed the mechanism of variation in precipitation isotopes during a single extratropical cyclone event. They used an isotope-incorporated RCM to reveal the importance of kinetic isotopic exchange between falling droplets and ambient water vapor below the cloud base on the initial enrichment and subsequent depletion during the event, and found that the increase in isotopic composition during the latter half of the event was primarily due to horizontal advection. Fudeyasu et al. (2011) classified the patterns of isotope variation for convective as well as stratiform precipitation events in Sumatra, Indonesia. Intra-event temporal patterns of precipitation isotopes were more comprehensively classified by Muller et al. (2015) , in which they combined temporally high-resolution precipitation isotope data and vertical precipitation profiles observed by micro rain radar (MRR), and confirmed that the local amount effect is controlled by different factors at different scales, including rain intensity, the altitude of rain production, the type of precipitation, the precipitation life cycle, and in-cloud microphysics. They also stressed the importance of further development of isotope-incorporated full cloud-resolving models. Further improvement is expected to better understand condensation in the troposphere and mixing processes in the planetary boundary layer (PBL). Benetti et al. (2015) used high temporal resolution measurements of surface vapor isotopes collected by in situ laser instruments over the subtropical ocean to successfully distinguish surface evaporation effects and mixing from the lower troposphere on isotopic variation in PBL. The vertical vapor isotope profile in PBL is highly influenced by the isotopic concentrations of surface evaporation, so land surface and ocean models are expected to make significant progress.
Hydrological sciences
In hydrology, stable water isotopes have been used in many ways, i.e., to partition total water transport, such as river discharge, into surface and base runoff (Sklash et al. 1986; McDonnell et al. 1991; Uhlenbrook et al. 2002) ; to reveal groundwater mechanisms, such as residence time from infiltration until discharge (Maloszewski and Zuber 1982; reviewed by McGuire and McDonnell 2006) ; to partition evapotranspiration flux into evaporation and transpiration (Yakir and Wang 1996; Jasechko et al. 2013 ; reviewed by Sutanto et al. 2014b) ; to determine the spatial distribution of plant roots (Dawson and Ehlenger 1991; Brooks et al. 2009 ); and to partition precipitation input into evaporation and ground infiltration in lakes (Krabbenhoft et al. 1990; Gibson et al. 2005) .
Recently, Jasechko et al. (2013) (hereafter, J13) reported that transpiration dominates terrestrial evapotranspiration by 80 % -90 %, and it subsequently raised many discussions in the climate and hydrological communities. They archived data for stable water isotopes (δ 18 O and δD) in major lakes and rivers. Because transpiration is one of the most difficult quantities to measure globally, estimates were dependent on models and required independent validation. Their idea was simple, i.e., the isotopic ratios of two end members, i.e., transpiration and evaporation (δ T and δ E ), respectively, are known along with the mixture of the two, i.e., evapotranspiration (δ ET ), and they partitioned the contribution of each member.
However, uncertainty in isotope ratios of both δ T and δ E could significantly influence the estimate of partitioning. First, considering the transfer resistance of moisture in the laminar sublayer based on aerodynamic theory (Brutsaert 1975a, b) , the degree of kinetic fractionation from evaporation would be 0.3 to 0.5 times smaller under hydrodynamically typical rough and smooth regimes, respectively. This would result in average increases of +8 ‰ for δ 18 O and +7 ‰ for δD compared to the estimates of J13. These numbers are consistent with Merlivat and Jouzel (1979) , whose parameterization of water surface evaporation has been widely used in isotopic GCMs and RCMs and validated with many observations. Second, δ T seems to be underestimated in J13. Numerous studies have noted that vapor transpired from plants has the same isotopic ratio as water absorbed through their roots (i.e., no isotopic fractionation occurs in plants). However, this water is different from precipitated water, as assumed by J13. Due to fractionation by soil surface evaporation, soil moisture is slightly enriched with 18 O and D, and vegetation uses some of this 18 O-or D-enriched water. The degree of enrichment may be small and may depend on vegetation (e.g., root depth) and environmental conditions, but it is not negligible (Chimner and Cooper 2004; Li et al. 2007) . By my calculations, J13 underestimated δ 18 O by 1 ‰ -5 ‰ and δD by 5 ‰ -30 ‰. Using these larger numbers, the contribution of transpiration (T/ET) is 60 % -70 %, which is lower than the estimations presented in the supplemental data of J13 (Fig. 4) . This results in a global contribution of transpiration of 50 % -60 %, which is similar to the consensus values of previous models (Sutanto et al. 2014b; Coenders-Gerritz et al. 2014; Schlesinger and Jasechko 2014) . The above example clearly shows that there is still much room for improvement in the understanding of fundamental questions, such as how much transpiration contributes to global water cycles. The analysis of stable water isotopes is indeed a useful tool for these questions, but we need to carefully investigate and interpret the measured signals.
Emerging directions
The above discussion has summarized recent progress in studies of stable water isotopes. In this section, I discuss a couple of new directions in research using stable water isotopes. completed a 30-year reanalysis-nudged isotope-incorporated AGCM simulation (hereafter, 30yrIR). They used largescale forcing from the National Center for Environmental Prediction, U.S. Department of Energy (NCEP/DOE) Reanalysis 2 (Kanamitsu et al. 2002) to completely predict sources and sinks of water isotopes without using direct water isotope observations. Several comparisons between the dataset and isotope measurements have revealed that the dataset is accurate enough to serve as an alternative to water isotope assimilation analysis. This dataset has been very useful for investigating the atmospheric behavior responsible for isotope variability in precipitation and vapor (Berkelhammer et al. 2012; Farlin et al. 2013 ). There are similar reanalysis-nudged simulations (Risi et al. 2010 ), but they are not extensive enough to investigate multidecadal variability. Model simulations have been expanded to include the years 1871 to 2008 using the 20th Century Reanalysis (20CR) atmospheric dataset (Compo et al. 2011) .
Model-proxy comparison
The 20CR consists of 56 ensemble members. The most reliable analysis is the ensemble mean field, but ensemble averaging artificially dampens high frequency (daily to sub-daily) atmospheric variation. Therefore, Yoshimura and Kanamitsu (2013) developed a method, known as Incremental Correction for Single member, that adds a single high-frequency component to the ensemble mean low-frequency component for all prognostic variables (i.e., wind speed, air temperature, humidity, and pressure). This results in more plausible long-term isotopic data and is named 20th Century Isotope Reanalysis (20CIR).
Although the direct measurement of precipita- There is systematic bias between these two data sources-20CIR is 13 ‰ higher-primarily due to the inconsistency in altitude between the model and point observations. The elevation for the grid cell of the model is approximately 800 m, but the actual ice core was taken at 3017 m elevation. However, the seasonal cycle and interannual variations are quite reasonably captured by 20CIR for recent years and as far back as the early the 1900s.
20CIR results have also been compared to δ 18 O data of pine tree cellulose from Kirirom National Park in southern Cambodia (675 m, 11.29°N, 104.25°E) (Zhu et al. 2012b; Fig. 6 ). δ 18 O in cellulose can be simulated with the model suggested by Roden et al. (2000) using precipitation, vapor isotope ratio, and relative humidity of the surface air. Similar to the comparison with ice core data, 20CIR has a systematic bias of +5 ‰, which is partly due to the lower elevation in the model. However, the model effectively simulates both the seasonal and interannual variations from 1871 to the late 20th century.
In addition to cellulose, coral data can be compared to 20CIR data to simulate δ 18 O of surface seawater using a vertical one-dimensional mixing model (Liu et al. 2013 . Coral-derived seawater δ 18 O can be estimated by removing the temperature dependency from δ 18 O of coral calcite (Liu et al. 2013) . O (purple line), and twelve-month running averages from ice cores (orange) and monthly precipitation (light blue) for (a) 1900-1925, (b) 1925-1950, (c) 1950-1975, and (d) 1975-1995 . Scatterplots for all monthly data are shown in (e). Ice core data are shown on the right axis, and simulated data are shown on the left axis for (a) to (d).
isotopes, this good match provides more evidence that the tropical hydrological cycle is well reproduced by 20CIR as far back as the late 19th century.
These site-specific examples are just a starting point, and it is premature to conclude anything about the comprehensive performance of 20CIR. However, the important message is that we can now directly use isotopic proxy data to validate the model. Isotopic information from ice cores, cellulose, and coral ultimately occur from precipitation but reflect different physical aspects of climate, meteorology, and hydrology at different spatiotemporal scales. Validating the simulation using such proxy data helps to highlight problems in the current model and understand the past and future dynamics of the Earth's system. 
Direct constraint of models by assimilating
isotope data The interpretation of isotopic proxy data is very important for reconstructing past climate information. The initial understanding of the past climate began with simple but robust empirical approaches, as illustrated in Fig. 8 . The basic assumption of this approach is to apply the empirical relationship calculated from the present data to the past.
As a second step, isotope-incorporated AGCM, RCM, and LSM have been used to explain the physical mechanisms of stable water isotopes in a process. This approach is often called forward proxy modeling . With this approach, the relationship between isotopes and climate is not fixed in time and space. The processes that affect isotopes (e.g., surface processes, moisture circulation, and precipitation) can differ from the current climate under different climate scenarios, and the proxy relationship is modified accordingly. To estimate such different relationship, information of past climate conditions is forced into isotope-incorporated models, and isotopic information is estimated in a more physically consistent manner. This estimated isotopic information needs to be compared to observed isotopic data to validate the models, as shown in the previous section. Although this approach includes systematic bias and unknown processes, the assumption is that these biases are constant over time, so these methods allow a more mechanistic understanding of differences between present and past climate conditions. Another approach, which is the main subject of this section, is the data assimilation of isotopic proxy data. Data assimilation is a way to objectively analyze target properties while minimizing error from both observations and models. Isotopic proxy data are a great source of information when direct measurements are not possible, but they include a degree of uncertainty. The same is true for isotope models. Thus, constraining models by isotopic measurements in an objective manner may provide the most physically consistent climate information.
Using data assimilation of proxy data, an objective analysis of the past can be achieved without simplifying the empirical relationship among proxy data and climatic, meteorological, or hydrological information. As a first step, Yoshimura et al. (2014) developed a new data assimilation system using a local transform ensemble Kalman filter (Miyoshi 2011) , the Isotope-incorporated Global Spectral Model (IsoGSM; , and an observation system simulation experiment (OSSE). The OSSE used a synthetic dataset of vapor isotope measurements, mimicking TES-retrieved δD from the mid-troposphere, SCIAMACHY-retrieved δD from the water vapor column, and a GNIP-like surface vapor isotope (both δD and δ 18 O) monitoring network. The TES and SCIAMACHY models assumed a similar spatiotemporal coverage as the real datasets. The virtual GNIP-like network assumed approximately 200 sites worldwide with measurements every 6 h. Then, an OSSE with 20 ensemble members was conducted for 
January 2006.
The results showed moderate improvement in vapor isotopic data, as well as meteorological data, such as wind speed, temperature, surface pressure, and humidity, compared to a test that did not include observational data. For surface air temperature, the global root mean square error dropped by 10 %, with 40 %-60 % of the decrease occurring in east and southeast Asia, where there was a higher concentration of observations (Fig. 9) . Although there are limitations such as negligence of systematic bias and only limited period, these results clearly show the potential of water vapor isotope measurements as a constraint on dynamic atmospheric processes to improve the understanding of the atmospheric hydrologic cycle.
However, the demonstration of the potential to constrain atmospheric dynamic fields by vapor isotopic information is insufficient to analyze past climate using available isotopic proxy information with data assimilation. Two significant technical issues must first be overcome. The first is the utilization of time-averaged data in a data assimilation scheme. Because most proxy data are currently based on isotopes in precipitation over a certain period, the information is temporally averaged. The highest temporal resolution available is monthly, and it can be obtained using cellulose 18 O or ice cores. Using time-averaged data in data assimilation is challenging, although some progress has been made (Huntley and Hakim 2010; Steiger et al. 2014) . The second issue is the development of forward proxy models for each type of proxy (e.g., coral skeletons, tree cellulose, and icecap cores). For example, isotope-incorporated GCMs produce information for isotopes in precipitation and serve as a forward model for ice core isotopes from Greenland and Antarctica, but for ice cap cores at high elevations, such as the Andes or Alps, an additional forward model including the ablation and melting processes of snow may be needed. Recent compilation efforts using the open-source tool Proxy System Modeling could benefit this effort.
Final Remarks
Recent advancements in the measurement and modeling of stable water isotopes have been tremendous and have created much greater expectations for the use of stable water isotopes. Due to the limitation of detailed measurements, especially in meteorological sciences, it used to be very difficult to investigate 3D mechanisms of isotopic behavior. But satellite remote sensing and laser spectroscopic technology have provided much more detail on condensation pathways and microphysical processes (Bolot et al. 2013) . This pushed the isotopic community to build models that can simulate complicated cloud microphysics (Blossey et al. 2010) , which are strengthening our understanding of atmospheric hydrology.
However, many issues still exist. Although the amount of measurement data has increased, especially for vapor isotopes, practical and economic constraints still limit the amount of isotopic data compared to conventional meteorological parameters such as humidity. For example, due to the lack of spatial coverage of precipitation isotope data, it is not possible to calculate global averages of precipitation isotopes, making global budget analysis of isotopes difficult. Recently, the situation has been partly improved by better vapor isotope measurements and more precise estimation of evaporation isotopes (Good et al. 2015) . This could be better integrated if there were multiple satellite sensors dedicated to the measurement of stable water isotopes. If there were satellite sensors that could measure vapor isotopes at high temporal and spatial resolutions, we could apply isotopic information for cloud microphysical studies. For example, to investigate the entrainment rate of a convective cloud, vapor isotopic concentrations inside and outside cloud cells are needed, requiring a horizontal resolution of a few kilometers, but satellite retrieval of within-cloud δD is difficult using current technology.
For modeling, more intercomparison and validation is needed. The major isotopic parameterizations were developed in the 1960s to 1980s (Craig and Gordon 1965; Stewart 1975; Jouzel and Merlivat 1984) . This could imply that these parameterizations are indeed robust, but the truth is that there has been little effort to revise the classical theories. Moreover, isotopic fields can easily validate the relationship between isotopes and target quantities, such as precipitation, temperature, and humidity. Once better validation of such relationships is made, models can be applied to past as well as future scenarios.
Finally, it is important to notify society about the usefulness of stable water isotopes. There are important hydrological processes that are still not completely understood because of a lack of effort. Such processes include the contribution of transpiration to total evapo transpiration, re-evaporation of rainfall or precipitation efficiency, and the hydrological cycle of the upper troposphere and stratosphere. These processes have not been explored in greater detail because the assumption has been that the hydrological cycle of the Earth could be understood as a bulk process. However, that assumption may not hold, especially when we try to understand more detailed proxy data or predict future scenarios with more accurate, fine-scale resolution, such as cloud-resolving scales. Thus, a better understanding of these processes is key to better understand water processes on Earth.
